Fluid transients (water hammer waves) have been recognized as a possible tool for pipeline fault detection and condition assessment, where a number of transient-based techniques have been proposed in the past two decades. In real world applications on single pipelines, the location of the transient generator and pressure transducers are sometimes at interior points along the pipe, rather than at end points due to access limitations or other practical issues. Therefore, the pressure response trace measured at a transducer includes reflections resulting from water hammer waves traveling from both sides of the measurement locations. When multiple faults exist and are located on both sides of the transducer, reflections from faults could be intermixed, making the pressure trace very complicated and hard to interpret. As a result, separation of the signals reflected from the two opposite directions is useful for implementing pipeline fault detection techniques. This paper proposes a novel pressure response separation technique using an inverse filter. Two pressure transducers are used, and the frequency response function of the filter is derived. The signal separation is performed in the frequency domain, and then the time-domain reflection trace of each side is restored using an inverse Fourier transform. Finally, the proposed pressure signal separation technique has been verified numerically.
INTRODUCTION
With the rapid urbanization and industrialization around the world, pipeline systems have been widely used in various areas, such as water distribution and oil transmission. Pipeline systems suffer from deterioration due to various factors, including corrosion, tuberculation, aging, external loading and inappropriate operation (Rajani and Kleiner 2001) . To prevent hazards caused by pipeline deterioration, such as pipe failure, regular pipeline condition assessment is important and necessary.
Among the range of techniques for pipeline fault detection and condition assessment, techniques based on fluid transients (small water hammer waves) are attractive due to their non-invasive character and the waves travel at high speed in liquid-filled pipes (Lee et al. 2005) . In the last two decades, a number of transient-based pipeline fault detection (Colombo et al. 2009 ) and condition assessment ) techniques has been developed. However, various practical issues are encountered when applying the transient-based technique to real world systems (Stephens 2008) . One practical problem is the overlap between the pressure reflections coming from two opposite directions (upstream and downstream sides). This problem is inevitable when a pressure transducer is located at an interior point rather than at the end of the pipe. The signal overlap increases the complexity of the measured pressure trace, thereby increasing the difficulty in data interpretation. As a result, separation of these two signals would be a helpful preprocessing step.
The research presented in this paper proposes a novel pressure wave separation technique using an inverse filter. One side-discharge valve based transient generator and two pressure transducers are used. By lagging and subtracting the two measured pressure traces, a new time domain pressure signal is obtained, which is a superposition of a single-side reflection and its time translation. This new signal is considered as the output of a linear time-invariant (LTI) system through a convolution process, where the input is the single-side reflection itself. To restore the input from the output, an inverse process is needed to conduct the deconvolution process (Proakis and Manolakis 2007) . The frequency response of the inverse system is developed in this research, which is known as an inverse filter. Numerical verification is conducted based on a reservoir-pipelinevalve system. Two deteriorated sections (represented by pipe sections with changes in their hydraulic impedance) exist in the pipe, and between the two sections the transient generator and two pressure transducers are positioned. Using the proposed signal separation strategy, two additional pressure traces can be obtained from the measured pressure traces, representing reflections from the upstream side and the downstream side, respectively. Responses from each deteriorated section are much clearer in the singleside reflection traces.
PRESSURE MEASUREMENT
A typical configuration for performing transient measurement and pipeline condition assessment in long water transmission pipelines is illustrated in Fig. 1 . The pipeline is assumed to be frictionless and infinite in length. The initial steady-state flow is discharging from left to right. A transient generator t G is located at an interior point, which could be a side-discharge valve. For simplicity, only two pressure transducers are used in this figure to illustrate the relationship between the two measured pressure traces. T that is located at the same location as the transient generator, signals reflected from the upstream and downstream sides are recorded once the incident wave starts. It is assumed that the pressure measured at the transducer is a linear superposition of the step-shaped incident wave and the reflected pressure waves coming from the two opposite directions. Therefore, the measured pressure trace 1 ( ) H t can be described as
in which t represents time and it starts from 0; 0 H is the steady-state head along the frictionless pipe; i H is the head of the step-shaped incident wave measured at transducer 
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SIGNAL SEPARATION USING INVERSE FILTERS
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The pressure traces described by Eq. (1b) 
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Eq. (4) shows that ( ) u P t is a signal related only to ( ) u R t and its time translation. It can be assumed that ( ) u P t is the output when the original signal ( ) u R t passes through a linear system (filter). To restore the input ( ) u R t from the known output ( ) u P t , an inverse filter is required (Proakis and Manolakis 2007) .
In order to derive the inverse filter, a Fourier transform may be applied to Eq. (4). Theoretically, the transformation can be described as in the denominator, computational problems may occur when the complex exponential is close to one. Therefore, measures must be taken to avoid this problem in programming. A simple method is to adopt a magnitude threshold on the filter.
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NUMERICAL VERIFICATION
Numerical simulations based on the method of characteristics (Chaudhry 1987) It can be seen in Fig. 3 that reflections from the two degraded sections are superimposed. The superposition of the waves makes the measured pressure traces very complex. As a result, it is very hard to estimate the location and other properties of the two deteriorated sections.
In order to have a clearer view of the reflection resulting from each degraded section, the proposed signal separation technique is applied. Using these two pressure traces, the upstream reflection u R can be restored first. The value of d t is derived to be 0.1 s using the distance between the two transducers ( 0 L = 100 m) and the wave speed in the original pipe ( 0 a = 1000 m/s). Using Eq. (4), the signal 0 ( ) ( ) 
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Compared with the original pressure traces shown in Fig. 3 , the two single-side wave traces give a much clearer picture of the deterioration-induced reflection. Both the location and impedance of the deterioration can then be determined using the technique developed by Gong et al. (2011) , which demonstrated that the arrival time of the deterioration-induced reflection is indicative of the location while the size of the disturbance is related to the hydraulic impedance. Fig. 7 . It can be seen that these two traces are very similar in shape, except that the restored signal has a slight and uniform deviation from the measured trace. 
CONCLUSIONS
This research proposes a novel technique for extracting the upstream and downstream reflection traces from the pressure traces measured by two pressure transducers. Under the assumption that the pipe is lossless for transient wave reflections, inverse filters are derived and used in the frequency domain for the signal extraction. Numerical simulations have been conduced to verify the proposed technique. The time domain traces of the two reflected wave, resulting from upstream and downstream sides of the transient generator respectively, have been obtained successfully.
The signal separation technique is helpful for data interpretation in the transient-based pipeline fault detection and condition assessment. From the single-side reflection traces, better estimates as to the location and properties of the deterioration can be determined.
